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During cancer progression, bone marrow derived myeloid 
cells, including immature myeloid cells and macrophages, 
progressively accumulate at the primary tumour site where 
they contribute to the establishment of a tumour promoting 
microenvironment. A marked infiltration of macrophages into 
the stromal compartment and the generation of a desmoplastic 
stromal reaction is a particular characteristic of pancreatic 
ductal adenocarcinoma (PDA) and is thought to play a key role 
in disease progression and its response to therapy. Tumour 
associated macrophages (TAMs) foster PDA tumour progres- 
sion by promoting angiogenesis, metastasis, and by suppres- 
sing an anti-tumourigenic immune response. Recent work also 
suggests that TAMs contribute to resistance to chemotherapy 
and to the emergence of cancer stem-like cells. Here we will 
review the current understanding of the biology and the 
pro-tumourigenic functions of TAMs in cancer and specifically 
in PDA, and highlight potential therapeutic strategies to target 
TAMs and to improve current therapies for pancreatic cancer. 
[BMB Reports 2013; 46(3): 131-138] 



PANCREATIC CANCER 

Pancreatic ductal adenocarcinoma (PDA) is an aggressive ma- 
lignant disease of the exocrine pancreas with a 5-year survival 
rate of less than 5%. PDA is the fifth most common cause of 
cancer deaths worldwide, leading to estimated 227,000 
deaths per year (1). Risk factors for this malignant disease in- 
clude family history of chronic pancreatitis, smoking (1), ad- 
vancing age (2), male sex, diabetes mellitus, obesity, non-O 
blood group (3), occupational exposures to chlorinated hydro- 
carbon solvents and nickel (4), African-American ethnic origin, 
and a high fat diet. Although the cause of pancreatic cancer is 
complex and multifactorial, family history and cigarette smok- 
ing are a dominant cause for this disease. 
PDAs evolve through non-invasive precursor lesions, most 
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typically pancreatic intraepithelial neoplasias (PanIN) (Fig. 1). 
Early-stage pancreatic cancer is usually clinically silent, and 
disease only becomes apparent after the tumour invades sur- 
rounding tissues or metastasizes to distant organs. Most people 
who present with symptoms attributed to pancreatic cancer 
have advanced disease. The biggest challenge faced by clini- 
cians treating PDA is the poor response of the tumour to ther- 
apeutic intervention. Unfortunately, unlike in other cancer 
types, in PDA the survival has not improved substantially in 
the past 30 years despite advances in conventional therapies 
(chemotherapy and radiotherapy) and targeted therapies that 
have proved successful in other cancer types, including breast, 
lung, colorectal and melanoma (5). Gemcitabine is currently 
the standard chemotoxic drug used in the treatment of PDA, 
but produces only a modest increase in survival (6). Although 
there has been some limited progress, the newer treatments 
show only marginal improvement in survival (Abraxane; 
Masitinib) and may also be rather toxic (FOLFIRINOX) (7). 
Currently, surgery offers the only chance of cure for some pa- 
tients, and improved quality of life for many others. The ma- 
jority of patients initially present with advanced and metastatic 
disease and only 1 0-1 5% of the patients are candidates for sur- 
gical resection (8). Therefore, new strategies to treat pancreatic 
cancer are sorely needed for the vast majority of patients with 
PDA. 

THE TUMOUR MICROENVIRONMENT IN PDA 

A typical feature of PDA is the generation of a massive stromal 
tissue, which in some cases can make up to 80% of the tu- 
mour mass (9). It is now believed, that the excessive stromal 
compartment in PDA is in part responsible for the discrepancy 
observed between the relative success and effectiveness of 
therapies observed in pre-clinical experimental setting (using 
cell culture and xenograft mouse models) and the subsequent 
inefficiency observed in the clinical reality. The stromal com- 
partment in PDA is very heterogeneous and consists of infiltrat- 
ing immune cells, pancreatic stellate cells, vascular cells, fibro- 
blasts, myofibroblasts and a dynamic assortment of ex- 
tracellular matrix components. Although each component of 
the stromal compartment was described to promote pancreatic 
cancer disease progression (9-12), this review will discuss the 
recent findings of the tumour promoting functions of macro- 
phages (Fig. 1). 
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Fig. 1. Infiltration of macrophages promotes pancreatic cancer disease progression. The infiltration of leukocytes, including macrophages, 
occurs around the lowest grade of pre-invasive pancreatic cancer lesions (PanIN) and persists through the invasive phase (PDA). 
Macrophages are initially recruited to the site of tumour formation in response to chemotactic factors secreted by pancreatic cancer cells. 
Tumour educated macrophages promote tumour progression by suppressing an anti-tumour immune response, stimulating vascularization, 
invasion, metastasis, and increasing the tumorigenicity of cancer cells. Together with other stromal cells including fibroblasts, stellate cells, 
lymphocytes, and myeloid progenitor cells, macrophages generate an excessive tumour microenvironment during PDA. The inflammatory 
tumour microenvironment fosters the further recruitment of macrophages, facilitates PDA progression, and is thought to blunt the response 
to chemotherapy. 



MACROPHAGE CONVERSION IN PANCREATITIS AND 
PANCREATIC CANCER 

Macrophages belong to the myeloid cell lineage and derive 
from myeloid progenitor cells. These precursor cells are lo- 
cated in the bone marrow; upon maturation, monocytes are re- 
leased into the bloodstream. Circulating blood monocytes mi- 
grate into tissues where they differentiate into resident tissue 
macrophages. Macrophages are activated in response to envi- 
ronmental signals, including microbial products and cytokines. 
Activated macrophages can be divided into M1 (classical acti- 
vated) and M2 (alternative activated) phenotype (13). Classical 
activation occurs in response to bacterial moieties such as lip- 
opolysacharide (LPS) and immune stimuli such as interferon y 
(IFNy). M1 macrophages mediate resistance against intra- 
cellular parasites and tumours and elicit tissue disruptive re- 
actions by secreting tumouricidal agents such as tumour ne- 
crosis factor a (TNF-a), interleukin-12 (IL-12), reactive nitrogen 
and oxygen intermediates (RNI, ROI). In addition, Ml macro- 
phages promote T-helper-1 (Th1) responses. In contrast, M2 
activated macrophages come in different varieties depending 
on the eliciting signals, which include IL-4, IL-13, IL-10, and 
glucocorticoid hormones. In general, M2 macrophages have 
an immune suppressive phenotype and release cytokines in- 



cluding IL-10 that promote a Th2 immune response (14, 15). 

Macrophages in tumours are usually termed tumour-asso- 
ciated macrophages (TAMs) and often express the M2 pheno- 
type (16). However, recent evidence suggests that the pheno- 
type of TAMs varies with the stage of tumour progression. M1 
macrophages are mainly abundant in chronic inflammatory 
sites, where tumours are initiated and start to develop (1 7, 18). 
During cancer progression, macrophages switch to an M2-like 
phenotype as the tumour begins to invade, vascularize and de- 
velop (19-21). In agreement with these findings, analysis of hu- 
man patient samples using CD68 as a pan-macrophage marker 
and the macrophage scavenger receptor CD204 as a M2 mac- 
rophage marker revealed that more M2 converted macro- 
phages were found in patients with pancreatic cancer com- 
pared to patients with chronic pancreatitis. High numbers of 
M2 macrophages were also associated with larger tumour size, 
early recurrence in the liver, local recurrence and shortened 
survival in patients with pancreatic cancer (22). These findings 
underline the plasticity of macrophages within the pancreas 
depending on their activation. 

For example in acute pancreatitis, high levels of the pro-in- 
flammatory cytokines TNF-a and IL-ip are characteristics for 
the onset of the disease (23, 24). Analysis of human patient 
samples suggested that during the early inflammatory process 
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of acute pancreatitis, TNF-oc and IL-ip are not only produced 
by resident macrophages, but also by ascinar cells in the pan- 
creas (25). High levels of pro-inflammatory cytokines in the 
pancreas induce the recruitment of monocytes and macro- 
phages into the site of inflammation, and consequently trigger 
the generation of an inflammatory microenvironment. In addi- 
tion, increased serum levels of TNF-a can systemically activate 
peritoneal and alveolar macrophages towards an M1 
phenotype. However, the expression of TNF-a by infiltrating 
macrophages is also critical during acute pancreatitis. Using a 
genetic mouse model in which TNF-a was specifically de- 
pleted from the myeloid cell population markedly reduced the 
severity of pancreatitis (26). Similarly, neutralizing antibodies 
against TNF-a and genetic deletion of TNF-a prevented leuko- 
cyte-induced necrosis of acinar cells and reduced disease se- 
verity (27). Thus, for acute pancreatitis, the reprogramming of 
pro-inflammatory M1 macrophages towards immune sup- 
pressive and inflammation resolving M2 macrophages are 
emerging therapeutic strategies focused to restrain the in- 
flammatory process. However, in the case of solid cancers, in- 
cluding PDA, tumour promoting TAMs rather resemble an 
M2-like phenotype and reprogramming of TAMs towards a M1 
phenotype holds great promises in the treatment of cancers. 
One example of successful reactivation of macrophages in 
pancreatic cancer was shown by the use of and anti-CD40 
antibody. In a spontaneous pancreatic tumour mouse model, 
administration of CD40 antibody resulted in the activation and 
recruitment of tumouricidal Ml macrophages to the site of 
pancreatic tumour formation and facilitated the depletion of 
tumour stroma, and consequently increased the efficacy of the 
chemotoxic agent gemcitabine (12). 

The expression of secreted protein acidic and rich in cys- 
teine (SPARC) has been reported to affect macrophage con- 
version in pancreatic cancer. SPARC is overexpressed by tu- 
mour associated fibroblasts in human and mouse pancreatic 
cancer and has been shown to inversely correlate with survival 
(28). Pancreatic tumours orthotopically grown in SPARC defi- 
cient mice were more invasive and metastatic and this was as- 
sociated with reduced collagen deposition and increased mac- 
rophage infiltration. Macrophages isolated from pancreatic tu- 
mours grown in SPARC deficient mice displayed an increased 
M2 immune suppressive phenotype (29). However, whether a 
change in macrophage conversion is directly linked to SPARC 
expression, or whether it occurred in response to changes in 
the tumour microenvironment remains elusive. Of note, 
SPARC is also implicated in the accumulation of paclitaxel as- 
sociated albumin (Abrazane) via binding of albumin to 
SPARC-positive tumour associated fibroblasts (30) and has pro- 
vided a significant survival benefit in combination with gemci- 
tabine in patients with elevated SPARC expression levels (31). 

In general, combination of markers used to characterize ma- 
crophage conversion in mouse tumour models include F4/ 
80+CD11c + CD206 low CD86 + MHCII hi iNOS + IL12 + for Ml-like 
TAMs and F4/80 + CDl lc neg CD206 high CDl63 + CD36 + ARGriL10 + 



IL4Ra + FIZZl + YM + for M2-like TAMs (32, 33). 

IMMUNE SUPPRESSIVE ACTIVITIES OF MACROPHAGES 

In the vast majority of tumours, macrophage phenotypes are 
similar to the resolution phase of wound healing, wherein 
TAMs convey immunosuppressive activities. TAMs can con- 
vert to an immunosuppressive phenotype. Phenotyping of the 
transcriptome of TAMs has suggested that they express several 
genes with immunosuppressive potential, such as Arginase I, 
IL-10, TGF-R (13). Alternatively, in human ovarian and liver 
cancer, inhibition of cytotoxic CD8 T cells by human TAMs 
was associated with the expression of two members of the B7 
family of co-signalling molecules (B7-H1 and B7-H4) (34, 35). 
Moreover, alternatively activated (M2-like) macrophages ex- 
press reduced levels of MHCII and CD1 1c, receptors involved 
in antigen presentation and markers for antigen presenting 
cells, respectively (16, 36). The critical role of the im- 
munosuppressive capacity of TAMs was recently also reported 
for pancreatic cancer. Indeed, reduction of TAM numbers in 
the pancreatic tumour microenvironment by the use of CCR2 
or CSF1R inhibitors in combination with gemcitabine sig- 
nificantly increased CD8 + T cell, reduced FOXP3 + T reg infiltra- 
tion and tumour progression compared to single agent gemci- 
tabine, suggesting an elevated anti-tumour immune response 
in pancreatic cancer due to reduced macrophage numbers 
(37). 

Beside macrophages, the immune suppressive capacity of 
myeloid derived suppressor cells (MDSCs) was recently re- 
ported to play a significantly role in pancreatic cancer pro- 
gression (38). Using a genetically engineered mouse model of 
PDA, Vonderheide and colleagues reported that blockade of 
granulocyte-macrophage colony-stimulating factor (GM-CSF) 
inhibited the recruitment of MDSCs to the tumour micro- 
environment and reduced tumour development - a finding that 
was dependent on cytotoxic CD8 + T cell activation. MDSCs 
comprise of immature myeloid cells while macrophages are 
differentiated, mature myeloid cells. Since MDSCs and tumour 
educated macrophages both have the capacity to suppress a 
CTL immune response, it raises the possibility that immune 
suppressive TAMs are descendants of MDSCs. Although the re- 
lationship of these two cell populations is not fully under- 
stood, in the presence of tumour derived factors, MDSCs can 
differentiate in vitro, or after adoptive transfer into tumour 
bearing mice into immune suppressive macrophages (39, 40). 

MACROPHAGE PROMOTE TUMOUR VASCULARIZATION 

In adult tissues, most blood vessels are quiescent, and angio- 
genesis (growth of new blood vessels from pre-existing ones) 
occurs only during the female reproduction cycle and under 
certain pathophysiological conditions, such as cancer. TAMs 
can secrete pro-angiogenic factors, including endothelial 
growth factors and extracellular matrix remodelling proteases 
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(41-44). While the induction of new blood vessel formation 
during tumour growth, known as the angiogenic switch, was 
shown to be a necessary step for many solid cancer types, its 
role in pancreatic cancer is less clear. Specifically, the ex- 
istence of the typical hypovascularized regions in PDA and the 
often impaired vascular perfusion of pancreatic tumours sug- 
gest that tumour angiogenesis might affect PDA progression to 
a lower extend than in other cancers. Indeed, while the an- 
ti-angiogenic drug Sunitinib, that targets VEGF and PDGF re- 
ceptor signalling, showed temporal blockade of tumour 
growth in several tumour animal models, Sunitinib did not in- 
hibit PDA progression in a mouse model (45). However, 
Sunitinib markedly reduced pancreatic tumour formation in a 
mouse model of endocrine origin, which is known to be high- 
ly vascularized, but which accounts in humans only for 
approx. 1 % of pancreatic cancer (46). 

However, also in pancreatic cancer macrophages can regu- 
late tumour vascularization. Inhibition of macrophage recruit- 
ment to the tumour microenvironment by targeting adhesion 
molecule integrin a4(31 or myeloid PI3Ky resulted in a marked 
decrease of blood vessel formation in pancreatic cancer mod- 
els and reduced tumour burden (47, 48). In contrast, con- 
version of macrophages towards a more pronounced pro-an- 
giogenic phenotype by depleting histidine rich glycoprotein 
(HRG) resulted in increased pancreatic tumour growth. 
Accelerated tumour formation in HRG deficient mice was in 
part associated with increased infiltration of M2 marker-ex- 
pressing macrophages and their increased pro-angiogenic gene 
expression profile resulting in excessive stimulation of tumour 
angiogenesis (49). 

Using the endocrine pancreatic tumour model, the sig- 
nificance of the vascular remodelling functions of TAMs in 
pancreatic cancer has been recently shown in the context of 
anti-angiogenic therapy resistance. Since TAMs convey pro-an- 
giogenic programs, they can counteract the efficacy of anti-an- 
giogenic therapy. Blocking angiopoietin-2 (ANG2), a Tie2 li- 
gand and angiogenic factor expressed by activated endothelial 
cells (ECs) and a subpopulation of tumour infiltrating macro- 
phages with vascular remodelling function, regresses the tu- 
mour vasculature and inhibits progression of RIP1-Tag2 pan- 
creatic neuroendocrine tumours. While ANG2 blockade did 
not inhibit recruitment of vascular remodelling macrophages, 
it impeded the upregulation of Tie2, their association with 
blood vessels, and their ability to restore angiogenesis in tu- 
mours in response to anti-antigenic therapy (50). 

INVASION AND METASTASIS 

Distant-site metastases are the leading cause of cancer-asso- 
ciated mortality. The most common places for pancreatic can- 
cer to spread to is the liver, the peritoneum, the lungs, and the 
bones (46). 

TAMs can promote metastasis at the primary tumour site by 
providing factors that enhance the invasion of malignant cells 



into ectopic tissues and by secreting ECM remodelling pro- 
teases and cathepsins (51). 

In human pancreatic cancer, the macrophage inflammatory 
protein-3 alpha (MIP-3a) has been implicated as a regulator of 
tumour cell invasion. MIP-3oc is expressed by pancreatic can- 
cer cells as well as tumour-associated macrophages (52). 
MIP-3cc induced MMP9 expression of pancreatic cells through 
its receptor CCR6 and consequently increased pancreatic can- 
cer cell invasion in collagen Type IV (53, 54). The role of 
TAMs in promoting pancreatic metastasis was also shown in 
tumour mouse models. Pharmacological inhibition of macro- 
phage recruitment to the pancreatic tumour microenvironment 
using the CSF1 R inhibitors reduced metastatic spreading to the 
liver (37), while increased macrophage conversing towards a 
M2 phenotype by the loss of HRG increased metastatic spread- 
ing (49). A reduction of macrophage numbers due to in- 
hibition of their migration and reduced metastatic spreading of 
pancreatic cancer cells was also described in response to the 
focal adhesion kinase (FAK) inhibitor PF-562,271. However, 
PF-562,271 inhibited migration of a variety of cells present in 
the tumour microenvironment of pancreatic cancer, including 
cancer cells, fibroblasts, and immune cells, thus making the 
precise contribution of each cell to metastatic spreading elu- 
sive (55). 

Endoneurial macrophages can foster the invasion of pancre- 
atic cancer cells along the nerves. Specimens analysed from 
patients with PDA showed a significant increase in the number 
of endoneurial macrophages that lie around nerves invaded by 
cancer compared with normal nerves. These macrophages se- 
creted high levels of glial-derived neurotrophic factor (GDNF), 
inducing the activation of the GDNF receptor GFRccI and its 
co-receptor RET. Phosphorylation of RET induced ERK activa- 
tion and the migration of pancreatic cancer cells (56). 

Macrophages can promote metastatic spreading in pancre- 
atic cancer also through their ability to promote lymph angio- 
genesis either by the secretion of the lymphatic endothelial 
growth factor VEGF-C (57) or their direct integration into tu- 
mour associated lymphatic vessels (58). In human patient sam- 
ples, M2-polarized TAMs identified by CD163 and CD206 in 
the invasive front of pancreatic cancer were associated with a 
poor prognosis due to accelerated lymphatic metastasis (59). 
Interestingly, no correlation was found by using the pan-mac- 
rophage marker CD68, indicating that macrophage conversion 
can critically affect tumour progression, and not only absolute 
macrophage numbers. Similarly, M2 polarized TAM infiltra- 
tion of regional lymphnodes was significantly associated with 
nodal lymphangiongenesis (60). 

MACROPHAGES AND TUMOUR INITIATING CELLS/ 
CANCER STEM CELLS 

There is increasing evidence suggesting that cancer stem cells 
(CSC) and/or tumour initiating cancer cells are affected by 
macrophages. For example, TAMs were described to increase 
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Mechanism Ref. 



- Restored tumour immunity by CD40. 1 2 

- Depletion of SPARC expression increases an immune suppressive TAM phenotype. 29 

- Secretion of MIP3a promotes migration of cancer cells through CCR6. 53,54 

- Secretion of GNDF promotes invasion of cancer cells through GDFR1 a/RET. 56 

- Host produced HRG promotes M1 TAM conversion resulting in vessel normalization. 32,49 

- Blockade of ANG2 inhibits pro-angiogenic functions of TAMs. 50 

- Inhibition of macrophage recruitment in combination with gemcitabine improves therapeutic benefits. 37,48 

- Macrophage derived factors increase tumourigenicity of cancer cells through STAT3 activation. 37 



Table 1. Tumour promoting functions of macrophages in pancreatic cancer 



Function 



Immune suppression 

Invasion/Metastasis 

Vascular remodeling 

Chemoresistance/ 
Tumourigenicity 

Only a selection of published data are presented here. 



cancer stem cell like properties of colon and lung cancer cells 
by promoting their tumourigenicity and resistance to chemo- 
therapy (61). The authors described the TAM derived milk-fat 
globule-epidermal growth factor-VII (MFG-E8) as a major regu- 
lator of CSC activities. MFG-E8 activates STAT3 and Sonic 
Hedgehog pathways in CSCs. In pancreatic cancer, inhibition 
of macrophage recruitment to the site of tumour formation re- 
sulted in a reduction of pancreatic cancer cells expressing high 
levels of the CSC marker ALDH. Interestingly, in this model, 
tumour educated macrophage conditioned media was suffi- 
cient to enhance tumour initiating properties of murine pan- 
creatic cancer cell lines (37). 

CONCLUDING REMARKS 

It has become evident in the past decade that the tumour in- 
filtrating macrophages are critical components during cancer 
progression. Due to their regulatory roles, especially in vas- 
cular remodelling and tumour immunity, the presence of these 
cells and their state of differentiation can determine the course 
of the tumour progression, and the response of tumours to an- 
ti-cancer therapies (Table 1). Since TAMs are among the most 
frequent cells found in the tumour microenvironment and can 
promote tumour progression by different mechanisms, target- 
ing macrophages emerges as an attractive and novel strategy to 
fight cancer, including pancreatic cancer. Indeed, studies have 
shown that inhibition of macrophage recruitment to the tu- 
mour microenvironment reduced pancreatic cancer pro- 
gression (47) and in combination with chemotherapy markedly 
reduced tumour formation compared to chemotherapy alone 
(37, 48). Besides targeting their recruitment, other studies have 
shown that re-activation of their cancer cell killing activities 
can improve the therapeutic outcome in pancreatic cancer in 
mouse and human (12). These findings indicate that targeting 
macrophages might represent an attractive novel approach to 
treat pancreatic cancer. 

Macrophages are part of the tumour microenvironment and 
can exert their tumour promoting functions also through their 
interaction with other stromal cells. Accumulating evidence 
suggests that the tumour microenvironment in pancreatic can- 



cer may be partly responsible for the rather minor success of 
chemotherapy in pancreatic cancer, and might also be respon- 
sible for the discrepancy observed in xenograft tumour mouse 
models that do not accurately recapitulate the stromal compo- 
nent of the human disease. Thus, it becomes very important to 
test future therapeutic strategies in models reflecting the hu- 
man disease in terms of both, the malignant cancer cells and 
the non-malignant microenvironment. To add more complex- 
ity, recent reports indicate that the cellular composition of the 
human microenvironment differs compared to the correspond- 
ing murine tumour microenvironment at least in breast cancer 
(62). Thus, it will be important to obtain a similar comparison 
of the murine and human tumour microenvironments in pan- 
creatic cancer. In addition, the relationship of pancreatic can- 
cer and pancreatitis is still poorly understood. Although only a 
minority of patients with pancreatitis develop pancreatic can- 
cer, it is unknown whether patients with pancreatic cancer car- 
ried before a symptom free pancreatitis, or not. Thus, it re- 
mains elusive whether macrophages impact pancreatic cancer 
development differently, depending whether inflammation 
preceded PDA development (pancreatitis), or whether PanIN 
elicited an inflammatory response. 

Taken together, targeting macrophages might open new ave- 
nues of research in the management of PDA. 
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